1c. Locked nucleic acid (LNA)-modified RNA oligonucleotides. The four LNA-modified RNA oligonucleotides (bolded letters) used for crystallographic studies (5′-mCmCmCGACUUAAGUCGG-3′, 5′-mCTGUACA-3′, 5′-mCmCAGACUUAAGUCU-3′, and 5′-mCmCmCGACUUAAGUC-3′) were custom-synthesized by Exiqon Inc. (Woburn, MA), with their 5´-dimethoxytrityl (DMT) groups cleaved and samples preliminarily purified by desalting. Reverse-phase high performance liquid chromatography (HPLC)-based purification of these desalted oligonucleotides was carried out on a Varian Prostar 210 HPLC system equipped with an Agilent ZORBAX Eclipse-XDB C18 column (preparative-scale column, 21.2×250mm, 7 µm particle size; Santa Clara, CA). 25 mM triethylammonium bicarbonate in H 2 O (pH 7.5; water was pre-purified by EMD Millipore's Milli-Q® water purification system, Merck KGaA, Darmstadt, Germany) was used as the primary eluent with an increasing gradient of 0% to 30% acetonitrile (HPLC grade, Fisher Scientific, Waltham, MA) over 30 mins. Elution of RNA was monitored by UV absorption at wavelengths of 254 and 280 nm. The bolded 5´-terminal regions of the oligonucleotides were modified by locked nucleic acids to rigidify the template; additionally, 5-methylcytidine and thymidine replaced cytidine and uridine in the modified region of the RNA sequences. Relevant fractions were pooled and lyophilized on a VirTis Sentry 2.0 freeze-drier (SP Scientific, Warminster, PA) for ≥ 2 days at < 50 mTorr to afford the purified oligonucleotides in their triethylammonium salt form, followed by neutralization and NaCl/ethanol precipitation to furnish the corresponding sodium salts of the purified oligonucleotides. Concentrations of the aqueous RNA samples were determined by their UV absorption at 260 nm on a Thermo Scientific Nanodrop 2000c Spectrophotometer (Waltham, MA). The theoretical molar extinction coefficients of all the RNA strands used herein at 260 nm were provided by Exiqon. 4-Bromo-3-methyl-1H-pyrazole (compound 1, 5 g, 31.1 mmol) was added to an oven-dried round bottom flask and stir bar, followed by dissolution in anhydrous CH 2 Cl 2 (62 mL, 0.5 M) and anhydrous triethylamine (9 mL, 62.1 mmol, 2 equiv., ρ = 0.726 g/mL) at ambient temperature. Afterwards, to that stirring solution, benzenesulfonyl chloride (5.94 mL, 46.6 mmol, 1.5 equiv., ρ = 1.384 g/mL) was added dropwise. The reaction was allowed to stir overnight (o/n) at ambient temperature. The reaction was diluted 5-fold with CH 2 Cl 2 and was then washed with saturated aqueous ammonium chloride, water and brine. The organic phase was dried over sodium sulfate and evaporated in vacuo. The resulting crude residue was purified by normalphase flash chromatography on a 120 g pre-packed silica column over 10 column volume (CV) of pure CH 2 Cl 2 to afford the titled compound (8.70 g, 28.9 mmol, 93 %.) as a fluffy white solid. 1 
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Step 1. A round bottom flask containing compound 3 (513.2 mg, 1.43 mmol) and a stir bar was thoroughly dried under high vacuum overnight prior to initiating this reaction. Afterwards, anhydrous CH 2 Cl 2 (19 mL, 0.075 M) and triethylamine (0.5 mL, 3.58 mmol, 2.5 equiv., ρ = 0.726 g/mL) was added to the reaction vessel to dissolve 1.2 into a pale yellow homogeneous solution. Bromotrimethylsilane (0.94 mL, 7.15 mmol, 5 equiv., ρ = 1.16 g/mL) was then added to the stirring mixture in a dropwise fashion under ambient temperature, and the reaction mixture was allowed to stir under room temperature for 4 hrs; a dense white smoke was observed when bromotrimethylsilane was added. The reaction gradually changed color, from the initial pale golden yellow to a deep yet pellucid brown color. To quench the excess bromotrimethylsilane and to decompose the resultant bis(trimethylsilyl)phosphonate esters 2 , an excess of methanol was added to the reaction mixture, and the overall pH of the reaction promptly dropped to < 1 (crudely determined by pH paper). Solvents were evaporated in vacuo, and the residual volatile impurities and hydrogen bromide were azeotropically removed by co-evaporation with toluene, repeated three times. The resultant orange-red solid residue (compound 4) was carried forward to step 2 without further purification.
Step 2. The crude material (compound 4, 100% conversion assumed; 2.5 equiv.) obtained from step 1 was dried in vacuo under high vacuum overnight prior to initiating this reaction.
Afterwards, the round bottom flask containing 4 was back-filled with dry argon, followed by .15 mmol, 12.5 equiv., ρ = 1.027 g/mL) was added dropwise to the reaction mixture over a 10-minute interval. The reaction mixture was observed to clarify into a pellucid brown mixture as DIAD was added. Afterwards, the reaction was removed from the ice bath and allowed to stir for 3 hours under ambient temperature. Subsequently, the reaction was stopped by evaporating the solvent in vacuo to form a light yellowish solid residue. To purify the crude product with reverse-phase flash chromatography, the crude residue was dissolved in a 3:1 mixture of dimethyl sulfoxide and water, followed by direct liquid-loading into a manufacturer-packed 50 g
C18Aq column pre-equilibrated with 25 mM pH 7.5 aqueous triethylammonium bicarbonate (TEAB) buffer. The resulting crude residue was purified over 15 CV of solvents, with a linearly increasing gradient of 0-70% CH 3 CN in TEAB. The title compound was eluted from the column at ~25% CH 3 CN in TEAB, followed by lyophilization to afford the title compound as a white fluffy solid. Yield was not determined at this step due to the large excess of triethylammonium bicarbonate in the sample.
Note: To afford pure compound 5, the eluted purified product should be promptly lyophilized. Tables S2 and S3 .
The structures of the RNA-GMP complexes are presented in Figure S1 . In Figure S2 we note that the phosphorus atom of the first bound monomer (out of two bound to each end of the duplex) of either the GMP-RNA structure or the PZG-RNA structure, is closer to the 3′-hydroxyl of the primer terminus (roughly 4 Å) compared to that of the one binding site structure (around 6 Å). Green: templating RNA and the 3′-terminus of the primer immediately upstream of the monomer; magenta color: PZG monomer; cyan: GMP monomer. A: For the 5′-mC:GMP duplex, the phosphorus atom of the bound GMP shown is 6.0 Å away from the 3′-hydroxyl of the primer terminus. For the first bound monomer of the 5′-mCmC:2GMP duplex, the distance shown is 4.1 Å. B: For the 5′-mC:PZG duplex, the phosphorus atom of the bound PZG shown is 6.3 Å away from the 3′-hydroxyl of the primer terminus. For the first bound monomer of the 5′-mCmC:2PZG duplex, the distance shown is 4.2 Å. The shorter distance could enhance the rate of primer extension. Parts of the GMP and PZG monomers are disordered and are illustrated in arbitrary conformations.
